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For determining the optimal conditions of the cutting process (material and tool geometry, process
parameters), quantitative data are necessary concerning the roughness of surfaces. Using experimental
research methods, this work aims at determining equations between surface roughness and parameters of
the milling, process for some polyamides samples (PA66, PA66 – GF30 and PA66 MoS2). PA66, PA66 – GF30
and PA66 MoS2 polyamides are technical thermoplastics with excellent mechanical and physical properties,
increasingly used in industrial machinery.
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Polyamide processing through milling presents some
characteristics different from metal milling, in terms of
the variation in value of output and input parameters
[2,4,10].

The cutting process through milling represents
approximately 25% of all polyamide cutting processes.

Machinability can be assessed following several criteria,
of which the most important are: tool life, the size of the
cutting forces, of power consumed, of the specific cutting
force and, last but not least, surface roughness [3.10.11].

In specialized literature, especially in the case of metal
processing, certain values of v, fth and t are known to
influence the roughness of the surface processed;
nevertheless, there is not enough data about the importance
of this influence when polyamides are milled.

Surface roughness is a characteristic that can influence
both dimensional precision, the mechanical performance
of the parts and production costs [9]. For these reasons,
research has been conducted on the study of the influence
that cutting process parameters have on surface
roughness, with a view to optimizing it [7].

The main purpose of this work is to obtain data about
the influence that each of the input values of v, fth and t has
on the roughness parameter Ra.

The materials we analyzed in terms of the surface
roughness obtained through polyamide milling have never
been studied în other research works.

In the following, will be presented information about
the milling of some fibreglass reinforced plastic composite
materials in the experimental works of Davim, Reis and
Antonio [6]. The two materials studied were 65% fibreglass
reinforced polyesters, the Viapal VUP 9731 unsaturated
polyester and the ATLAC 382-05 polyester. The authors
found that speeds between 47 and110m/min and feed rates
between 0.04 and 0.12mm/rev may yield roughness of the

machined surface, the Ra criterion  between 1.02 and
2.04μm [6].

In Palanikumar’s [8] experimental work, concerning the
analysis of surface roughness of processed polymeric
materials reinforced with fibreglass, the following may be
observed:

-for cutting speeds between 47 and 110 (m/min) and
feed rates between 0.04 and 0.12 (mm/rev), the obtained
values of roughness, the Ra criterion, ranges between 3
and 8.5μm [8];

- for cutting speeds between 50 and 200 (m/min) and
cutting depths between 0.25 and 1.75 (mm/rev), the
obtained values of roughness, the Ra criterion, ranges
between 1.02 and 2.04 μm [8].

Fetecãu and Stan [1] conducted research on the turning
of PTFE composites using polycrystalline diamond tools in
order to analyze the effect of cutting parameters and the
top cutting plate radius on resulting forces and roughness
during the processing of the surface.

Modelling the cutting process by milling of composite
polyamides
Model used in the experimental research of the cutting
process

For the experimental research of the cutting process of
ployamides, the empirical model was adopted (fig. 1).

The input values varied were: the material of the part to
process; the cutting speed, v, [m/min]; the longitudinal
feed, f, [mm/rot]; the cutting depth, t, [mm].

Three types of polyamide used on a large scale were
taken into consideration: PA66, PA66 – GF30 and PA66
MoS2. The first is the basic polyamide and the other two
have improvement elements.

The output value analyzed was the roughness of the
processed surface (Ra), which will be assessed by

Fig. 1 Empirical model scheme of the
cutting process
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parameter Ra, the arithmetic mean deviation of the profile
in relation to the average line, expressed in μm (STAS 5730/
1-1991).

As model describing the dependence of the output
values depending on the input values for each material
studied, the linear model was adopted, used on a large
scale in the modelling of the cutting process. Considering
that the input variables are independent, the equations of
the roughness in milling have the form

      (1)
where:

C, a, b, c, d, e, g are constants to be determined based
on experimental data;

t – cutting depth, in [mm];
f – feed per revolution of the part, in [mm/rev];
v – cutting speed, in [m/min].
The other parameters related to the cutting tool and the

cooling conditions were maintained constant.

Experiment plan used in experimental research
The full factorial plan of the 33 type  was adopted, with

the repetition of the experiments in each point. The
advantage of this plan is that it allows for the exact
determination of the surface roughness and takes into
account the interactions between the parameters of the
cutting process. Instead, it requires a great number of
experiments, which leads to longer periods of time and
higher costs for the analysis of the materials used.
Therefore, the total number of determinations, NT, for an
experiment was NT = 33  = 27 experiments.

Methodology used to process experimental data
Roughness depends on several variables of the cutting

process: feed rate, cutting depth, and cutting speed. In the
research conducted, the influence of the parameters
characterizing the cutting process on roughness is analyzed
considering the interaction of the parameters mentioned.
A separate study of the influences affects the precision in
characterizing the force measured. If the roughness is
marked with Y and the other variables with X1, X2, X3, etc.,
the function Y = f(X1, X2, X3, …) is obtained.

When the output size Y depends on the three input
variables, it is given by the equation
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The data obtained will be processed using the ANOVA
method, also known as dispersional analysis or analysis of
variance.

The variation technique of dispersion (ANOVA) is needed
both to calculate the effects of all factors and interactions
between factors and to determine the influence of cutting
parameters and the interactions between them, in
percentages. The analysis was performed with the help of
the Minitab 16 software. To calculate the S/N ratio, the
Taguchi method allows for the choosing of the
performance characteristic between “smaller is better”,
“large is better”, or “normal is better” [11]. The signal noise
ratio (S/N ratio) is the ratio between the value wanted and
the value unwanted as output characteristics.

(3)

Methods and means used in the experimental
research
Specimens used in the experiments

Regarding the dimensions of the specimen, the width l
[mm] is established depending on the tool diameter:
l=(0.6÷0.8)D (SR ISO 8688-1). For a D=121 mm tool
diameter, it results that l=78mm. The 85 mm value will be
adopted.

The specimens used for the experiments are shown in
figure 2.

Cutting scheme
In view of the experiments, the processing scheme

adopted was frontal milling on a VICTOR 55 - FAU
processing centre, with a vertical tool axis (fig. 3).

The parameters of the cutting regime corresponding to
this scheme are the following:

-v, cutting speed, performed by the number of rotations
of the tool, n;

-fth, feed on tooth, performed by the feed speed of the
table on which the piece to process is placed and set, w;

-t, cutting depth, also called axial cutting depth, ap.

Specimen material
Polyamides (PA), among which polyamides PA 66, PA

66 – GF30 and PA 66 MoS2, belong to the group of technical
plastic mass, along with PET, PC, POM, PPO and UHMW –
PE, and are semi-crystalline materials.

In order to modify certain properties of polyamides, glass
fibre, carbon fibre, molybdenum disulphide, etc. are used
as elements of reinforcement.

Fig. 2. Specimens to be
processed

Fig. 3. Cutting
scheme
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The mechanical properties of polyamides PA 66, PA 66
– GF30 and PA 66 MoS2 are presented in table 1, and the
thermal ones in table 2.

The testing samples used to determine the flow limit/
tensile strength and breaking elongation are of the 1B type
according to ISO 527. It is noted that the glass fibre in
polyamide PA66 – GF30, as compared to polyamide PA66,
leads to the increase of the tensile strength, of the elasticity
modulus, 3200 MPA, in the case of polyamide PA66 – GF30,
as compared to 1650 MPa, in the case of polyamide PA66,
and the decrease of the breaking elongation, 12% for PA66
– GF30, and greater than 100% for PA66.

Cylinder type specimens, ∅12x30 mm, are used for
the compression test, and the testing speed is 1 mm/min.
Comparing the values of the compression resistance, it is
noted that, in the case of a nominal deformation of 5%,
glass fibre in PA66 – GF30, as well as molybdenum
disulphide in PA66 MoS2 lead to a decrease of this resistance
as compared to polyamide PA66. Compression resistance
values of 90 MPa for PA66 – GF30 and 88 MPa for PA66
MoS2 are obtained, as compared to 92 MPa for PA66.

Hardness is measured on specimens 10 mm thick. It is
noted that the elements of reinforcement, glass fibre and
molybdenum disulphide, lead to an increase of the Brinell
hardness: 155 N/mm2 for PA66, 165 N/mm2 for PA66 –
GF30 and 160 N/mm2 for PA66 MoS2.

Cutting tool used in the experiments
The cutting tool used for plane milling is a milling cutter

consisting of body 2 and a single replaceable plate 1 (fig.
4).

A mandrel with conical tail type ISO50 was used to
connect the milling cutter to the machine-tool. The shape
and the dimensions of the mandrel were imposed by the
body of the tool and the bore of the main shaft of the milling
machine.

Cutting plates used in the experiments
Considering the recommendations of some companies

and the acquisition possibilities, a SEMN 12 04 AZ plate,

Table 1
MECHANICAL PROPERTIES OF

POLYAMIDES PA 66, PA 66 – GF30,
PA66 MoS2 [12]

Table 2
THERMAL PROPERTIES OF

POLYAMIDES PA66, PA66 – GF30, PA66
MoS2 [12]

Fig. 4. Cutting tool: 1-plate;
 2-mandrel
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produced by SANDVIK Coromant, was used for the
experiments.

The shape of the bolster and the dimensions of the plate
are presented in figure 5 and in table 3.

The significance of plate symbols, according to ISO
1832-1991, is: S - square form; E - constructive alignment
angle (20o); M - tolerances (in mm); N - fixation with sloping
wedges; 12 - rounded value of the square side and of the
inscribed circle (l=ic=12 mm); 04 - rounded value of plate
thickness (s=4.76mm); A - main angle of attack (χ =
45o); Z - secondary angle of attack (χ 1).

The material of the plate is H10 (HW) rough bare metal,
containing mainly tungsten carbide (CW). The SANDVIK
Coromant company recommends this material to process
non-ferrous and plastic materials, and wood.

Functional geometry of the plate
The functional geometry of the plate at cutting

corresponds to the position it has in the body of the milling
cutter (fig. 6).

The values prescribed for the angles of the cutting part
of the cutter, using notations according to STAS 6599/1-88,
are presented in table 4.

Machine-tool used in the experimental research
The machine-tool used for the experiments is a VICTOR

55 – FAU milling centre, property of the Laboratory of

Advanced Processing Technologies, at “Stefan cel Mare”
University of Suceava. Its characteristics are presented in
table 5.

Equipment used to measure the roughness of processed
surfaces

The goal of the experiments was to measure the
roughness of the processed surface. The SURTRONIC 3+
tester, produced by the English company Rank Taylor
Hobson Limited, property of  the laboratories of the Faculty
of Mechanical Engineering, “Dunarea de Jos” University of
Galati was used for measurements.

The roughness of the surfaces processed on specimens
was measured by displacing the standard transducer
according to the direction corresponding to the feed
movement. The device has a data processor which
acquires, processes and displays data.

The device was connected to a computer where the
data of the measurements was recorded and the graphs
of evolution of roughness on the length measured were
made.

The evaluation of surface roughness in system M,
according to STAS 5730/1-1991, was made using one or
more roughness parameters:

-arithmetic mean deviation of the profile, Ra;
-height of irregularities in 10 points, Rz;
-maximum height of the profile, Ry;
-medium pass of profile irregularities, Sm;
-medium pass of local prominences of the profile, S;
-relative bearing length of the profile, tp.
Of all these roughness parameters, parameter Ra was

measured in the experiments.
The specifications regarding surface roughness must

indicate the numerical value (maximum, minimum,
nominal or value interval) of the roughness parameter and
the value of the basic length on which it is measured.

According to SR ISO 468-1997, the values of the basic
length 1 must be chosen from the following string of
values: 0.08; 0.25; 0.8; 8; 25, in mm, depending on
roughness size (for example, for Ra below 2.5μm – as is
the case of polyamide processing in the conditions
presented above – considering l=0.8 mm).

The measurement was performed with a diamond
indicator, with a top radius of 5 μm. This was positioned to
the piece so that there was an oscillation reserve to cover
the micro-irregularities of the surface of the piece. The
overall view of the SURTRONIC 3+ tester, produced by the
company Rank Taylor Hobson Limited, is presented in figure
7.

Table 3
MODULMILL 145 R/L260.22 PLATE DIMENSIONS

Fig. 5. Bolster
shape and plate

dimensions

Fig. 6. Functional
geometry of the plate

Tabel  4
PRESCRIBED VALUES AND VALUES OBTAINED BY MEASURING THE

ANGLES OF THE CUTTER

Table 5
CARACTERISTICS OF THE
VICTOR 55 – FAU MILLING

CENTRE



MATERIALE PLASTICE ♦ 51♦ No. 2 ♦ 2014 http://www.revmaterialeplastice.ro 209

The system for roughness measuring consists of: a
computer (1), the SURTRONIC 3+ tester (2), the specimen
(3); the SURTRONIC 3+ tester is made of a transducer (4)
and a data processor (5).

Experimental research on surface roughness in
polyamide milling
Experiment plan used in experimental research on the
roughness

The experimental plan was adopted according to 2.2.
The natural values of the process parametres correspond
to the three levels (+1, 0, -1) and are presented in table 6.

Surface roughness measurments for milling polyamides
PA66, PA66 – GF30 and PA66 MoS2

The data obtained will be processed using the ANOVA
method, developed to calculate the effects of all factors
and their interactions, as well as to determine the influence
of cutting parametres and their interactions, in percentages,
taking into account freedom degrees and residues [6, 11].
The analysis was performed using the Minitab 16
programme.

ANOVA analysis for PA 66
Table 7 presents the numerical, mean and experimental

values of roughness and of the S/N ratio for each level of
the three factors analysed. The mean was determined by
the five recorded roughness values for each experiment.

In order to study the main effects of the process and
constructive parametres of the cutting tool on the surface
roughness Ra, the graphs in figure 8 were represented.

Figure 8 leads to note that an increase of the cutting
depth and the feed determines an increase of roughness
Ra, whereas an increase of the cutting speed determines  a
decrease of roughness Ra.

To find the statistical significance of process variables
and their interactions on surface roughness when milling
material PA 66, the ANOVA analysis was performed (table
8).

As can be noted in table 8, the feed, the cutting depth
and the cutting speed have a significant effect on roughness
Ra because the value of P is lower than 5%. The last column
represents the contribution in percentages of each factor
of the total variance indicating its influence on each term
of the model.

Fig. 7. SURTRONIC 3+ tester used to
measure roughness

Tabel 6
VALUES OF THE CUTTING PROCESS

PARAMETERS

Table 7
L27 FULL FACTORIAL PLAN OF SURFACE ROUGHNESS AND S/N

RATION FOR PA 66

The model of roughness Ra based on the linear
regression of the ANOVA analysis is

Ra  =  0.009 - 0.505·t + 14.719·f + 0.0005·v [μm].    (4)

For this model, the coefficient of correlation, R2, is 93.8%.
The statistical index Durbin-Watson is 1.67.

To have an image of the differences between the
roughness value obtained experimentally and the
roughness value obtained by modelling, the relative error
was calculated

(5)

where:
ε  is the error;
Valexp – the value obtained in the experiment;
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Fig. 8. Graph of the effects of the three parametres on
surface roughness, Ra, for PA 66

Valmodel – the value prescribed by the linear regression
model.

In the case of material PA 66, the maximum error
calculated was 8.66% for Ra.

ANOVA analysis for PA 66 –GF 30
In table 9 there are presented the numerical, average

and experimental values of roughness and  the ratio signal/
noise for each level of the three factors analysed. The mean
was determined by recording five values of roughness for
each experiment.

To study the main effects of process and constructive
parametres on surface roughness, Ra, the graphs in figure
9 were represented.

Figure 9 leads to note that an increase of the cutting
depth and the feed determines an increase of roughness

Tabel 8
ANOVA ANALYSIS FOR Ra, MATERIAL PA 66

Table 9
 L27 FULL FACTORIAL PLAN OF SURFACE ROUGHNESS AND S/N

RATION FOR PA 66 – GF 30

Fig. 9. Graph of the effects of the three parameters on the surface
roughness, Ra, for PA 66 – GF 30

Ra, whereas an increase of the cutting speed determines a
decrease of roughness Ra.

To find the statistical significance of process variables
and their interactions on surface roughness when milling
material PA 66 - GF 30, the ANOVA analysis was performed
(table 10).

As can be noted in table 10, the feed, the cutting depth
and the cutting speed have a significant effect on roughness
Ra because the value of P is lower than 5%. The last column
represents the contribution in percentages of each factor
of the total variance indicating its influence on each term
of the model.

The model of roughness Ra based on the linear
regression of the ANOVA analysis is

R
a 
 =  1.497 - 0.666·t + 9.559·f - 0.006·v +

0.004·t·v - 0.016·f·v  [μm] (6)

For this model, the coefficient of correlation, R2, is
91.42%. The statistical index Durbin-Watson is 1.21.

To have an image of the differences between the
roughness value obtained experimentally and the
roughness value obtained by modelling, the relative error
was calculated using relation (5).



MATERIALE PLASTICE ♦ 51♦ No. 2 ♦ 2014 http://www.revmaterialeplastice.ro

Table 10
ANOVA ANALYSIS FOR Ra,
MATERIAL PA 66 - GF 30

Table 11
L27 FULL FACTORIAL PLAN OF SURFACE ROUGHNESS AND S/N

RATION FOR PA 66 - MoS2

Tabel 12
ANOVA ANALYSIS FOR Ra, MATERIAL

PA 66- MoS2

Fig. 10. Graph of the effects of the three parameters on the surface
roughness, Ra, for PA 66 – MoS2

In the case of material PA 66 – GF 30, the maximum
error calculated was 8.93% for the value of Ra.

ANOVA analysis of PA 66 –MoS2
Table 11 presents the numerical, average and

experimental values of roughness and the signal/noise ratio
for each level of the three factors analysed. The mean was
determined by recording five values of roughness for each
experiment.

To study the main effects of process and constructive
parametres on surface roughness Ra, the graphs in  figure
10 were represented.

Figure 10 leads to note that an increase of the cutting
depth and the feed determines an increase of roughness
Ra, whereas an increase of the cutting speed, as in the
other two cases, determines a decrease of roughness Ra.

To find the statistical significance of process variables
and their interactions on surface roughness when milling
material PA 66 - MoS2, the ANOVA analysis was performed
(table 12).

As can be noted in table 12, the feed, the cutting depth
and the cutting speed have a significant effect on roughness
Ra because the value of P is lower than 5%. The last column
represents the contribution in percentages of each factor

of the total variance indicating its influence on each term
of the model.

The model of roughness Ra based on the linear
regression of the ANOVA analysis is

Ra  =  -2.403+ 4.447·t - 12.234·f + 0.0056·v -0.0161·t·v [μm].  (7)

For this model, the coefficient of correlation, R2, is 98.3%.
The statistical index Durbin-Watson is 1.9.

To have an image of the differences between the
roughness value obtained experimentally and the
roughness value obtained by modelling, the relative error
was calculated using relation (5).

In the case of material PA 66 – MoS2, the maximum
error calculated was 8.7% for Ra.

For the experimental conditions established, regarding
the material and the geometry of the cutting plate, the
material to be processed and the parametres of the cutting
regime, the size of the roughness Ra [μm], obtained by
calculus with relations 4, 6, and 7 is centralized in table 13.
For each material, the minimum, mean and maximum
values obtained by calculus were considered.

Figure 11 presents the evolution of roughness Ra [μm],
depending on the number of the experiment for the three
materials under analysis.

211
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Model validation for roughness Ra obtained experimentally
for PA 66 - GF 30

To validate the roughness model Ra obtained in the
process of plane milling of a PA 66 - GF 30 piece, the
values of the cutting regime of a specimen (i.e. t=1.4 m/
min, fth= 0.13 mm/th and v=200 m/min) were introduced
in relation (6), resulting in

Ra calcul  =  1.4972 - 0.666·t + 9.559·f - 0.006·v - 0.641·t·f +
                + 0.004· t·v- 0.016·f·v =1.21 [μm].                        (8)

The roughness measured was Ra measured =1.25 [μm].

To have an image of the differences between the
roughness value obtained experimentally and the
roughness value obtained by modelling, the relative error
for this situation was calculated using relation (5). In the
case of material PA 66 – GF 30, the error calculated was
7.7% for the parametres of the cutting regime presented
above.

Conclusions
Experimental research was performed, regarding the

influence of the cutting regime on the value of roughness,
Ra, in milling. The work aimed to obtain relations defining
the variation of roughness depending on the parametres of
the cutting regime when processing some pieces made of
polyamides PA66, PA66 – GF30 and PA66 MoS2.

Taking into consideration the material and the geometry
of the cutting plate, the experiments performed led to the
following conclusions:

Regarding the size of the roughness, Ra, it could be noted
that it varies between 0.66 μm and 2.46 μm for PA 66,
between 0.62 μm and 1.37 μm for PA 66 – GF 30, and
between 0.49 μm and 2.45 μm for PA 66 – MoS2. When
processing each material, the parametres of the cutting
regime (cutting speed, feed, and cutting depth) were
varied.

The descending order of the size of surface roughness
was: PA 66, PA 66 MoS2, PA 66 – GF 30, as can also be
noted in figure 11. The lowest values of roughness can be

Table 13
CALCULATED ROUGHNESS Ra [μm] VARIATION

Fig. 11. Variation of roughness
according to the number of the

experiment and the material

found when processing polyamide PA 66 – GF 30, due to
the presence of glass fibre, which gives the material good
cutting properties.

The roughness, Ra, obtained when milling PA 66 is
approximately 36.2% higher than that of polyamide PA 66
- GF 30.

When cutting polyamide PA 66 MoS2, due to the MoS2
reinforcement offering favourable conditions for chip
formation, the value of roughness, Ra, decreases, in
comparison with the processing of polyamide PA 66, by
approximately 5.7%.

The results of the research carried out are very useful in
industrial processing as they allow for the determination
of the optimum parametres of the cutting regime, with a
view to obtaining a prescribed roughness, Ra.
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